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PART I

INTRODUCTION

The study of regional wave propagation allows to know the

general lineaments of the internal earth structure: remarkable

discontinuities, mantle and crust dynamics (Dziewonsk,, 1984;

Jordan, 1981; Jordan et al., 1975, !989; Johnson, 1967, 1969;

Burdich et al., 1978; Lay et al., 1984).

On the othter hand the coda of P-waves for teleseisms

(distance larger than 100) helps to establish low velocity zones

(LVZ) beneath different structures: those LVZ are not apparent, or

do not exist at all, in shield structures and on the contrary they

are ticker in tectonically active regions (Helmberger, 1973). This

data informs us about thermal variations related to lateral

variations in the upper mantle.

Regional waves (distance of 100 or less) help: --o detect

variations in the crust; more precise locations of seismic events.

rocal phases allow to know with more detail characteristics close

to( the station or to the station network.
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Other important phases independent of the distance (that is,

for earthquakes, either local, or regional, or teleseism) are

identified with those short period waves Li, Lg, Rg, what are

characteristics of continental regions; they allow a better

knowledge of low velocity layers in the crust. (Nuttli, 1986; Payo

Subiza, 1974; Pomeroy et al., 1980; Alc6cer, 1989; Ayala, 1989;

among others).

Nevertheless, those phases have different characteristics for

(-ifferent complex zones, meanwhile they are similar for more

homogeneous zones.

South America, especially the Pacific Coast, is really complex

when considering tectonic structures, crustal thickness and Nazca

plate subduction. Let us distinguish two types of geological

structures: stable zones (Guyana, Brazil and Patagonia Shields and

the Altiplano); strong activity zones (Western and Eastern

Cordilleras).

Crustal thickness: 40 km at the north, increases to 65 km in

central part and then decreases to 35 km in the south (Meissner et

al., 1976; Couch et al., 1981; James, 1971; Wigger et al., 1990;

Fernandez , 1965; Valez, 1982).

Nazca subducted plate: Subduction dipping almost null north

,f latitude 130- 150 S, changes to 350 at latitude 20°S; dipping is

maximum for maximum deoth between 500 to 700 km (Deza, 1972;

James, 1990; Minaya, 1978).
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Those aspect of South America and Pacific Coast complexity

have a strong influence on the waves recorded in LPB station. So

the identification of those different phases is one of the highest

importance.

DATA

1000 Seismic events which occurred in South America and

Pacific Coast, recorded in the LPB station ,La Paz - Bolivia, WWSSN

type) were analysed, after excluding other about 1000 events.

Epicentral data were read from the International Seismological

Centre (ISC) Bulletins from 1974 through 1988.

Different phase analysis was achieved on the 3 components of

analogical records.

Distance of teleseisms reach 36.50; regional seisms are at

distances between 10 and 100. Magnitude mb is larger than 4. Depth

may go down to 650 km. For local erthquakes a small error in depth

influences records too much; so, to avoid that difficulty, events

of the seismic-geographical region of Flinn and Engdahi 3-120

(Bolivia) were excluded from our study.

Seismic records were digitized, using a time window of 25 to

35 sec, being sample interval 0.05 sec.

3
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Flinn and Engdahl seismic regions studied are: 7, 8, 9, 35.

METHODOLOGY

1. Seismic phases, amplitude (mm) and period were read on

analogical short period records; precision depends on the

abruptness of the initial phase. Particle motion helped to correct

time readings for the phase after the first arrival. Epicentral

distance (km) divided by travel time (second) was called apparent

velocity.

2. Phase identification: Trying to identify the regional

phases, frequently P was quite clear; for distance larger than 10'

often pP and sP were detected; other regional phases derived from

P could not be identified; but certainly other phases are present,

what were called P1 and P2.

A phase type S may be Sn, but was not labeled so, considering

that Moho depth is not known reliably.

We have to remark that Lq phase is clearly recorded for

earthquakes north of LPB station, independently of depth; south of

LPB Rg ampiltude may equal that ot Lg, or be lesser or also

7ompletely absent.

4
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Particle motion helped to identify phases close to first

arrival (Figs. 1, 2, 3).

3. Analysis of crustal tickness, geology and tectonics in the

region and Nazca plate subduction:

Looking for the changes in crustal tickness, let us see a

profile from north to south (Fig. 4):

Along the parallel 8.50N Meissner et a].. (1976) found that

oceanic crust is 20 km thick close to the coast, and maximum

tickness of 40 km in the continent.

At 140S he found from west to east 20 km, then a maximum of

60 km, decreasing to 30 km in the Subandean.

Porth et al. (1990) in a profile along the parallel 210 S find

a thickness of 65 km between 660 and 68.250 W; at the coast 39 km;

at the west of 660W 30 km.

Couch et al. (1981) calculate a thickness of 45 kin in the

continent at latitude 260 S and only 8 km in the oceanic crust.

At the latitude 380 S the same author calculates a maximum

thickness of 35 km in the continent.

5



7

Geological and tectonic changes are more relevant from east

to west than from north to south: Shield zones, Subandean,

Cordilleras (Western, Central and Eastern), Coast Cordillera, coast

and transition zone from continental to oceanic crust.

According to Deza (1972), Nazca plate has three transition

zones: between 00 and 10S; between 130 and 140S; between 260 and

270 S. James (1990) considers the transition to begin at 15
0 S. Those

transition zones coincide with the change of subduction angle of

Nazca plate.

That analysis recommended to divide seismic regions (Fig. 2):

SEISMIC REGION ZONE GEOGRAPHIC REGIONS

7 7a 98, partial both 97 and 101

7b 96, 99. 100, partial both 97 and 101

8 8a 102, 104, 105, 108, 109

8b 103, 106, 107, '10, 111, partial both 112 and 116

8c 113, 119, '20

ad partial '12, 114, 115, partial 116, 117, 118

8e 122, 123, 124, 125, partial 127, 128. 129

3f Dartial 127, 130, 131, 132, partial 136 through 141

9 9 143 through 146

35 35 528 threugn 531

6
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Earthquakes located in seismic zones 8a and 35 have no phase

derived from P. Seismic record is of small amplitude. S phase is

not visible. Lg is of small amplitude. We have to remark that

earthquakes located in 8a have a path to LPB different of those in

35. Those in 8a are originated beneath the ocean in the coast, or

in the subducted plate; those in zone 35 are shield surface quakes.

Other phases close to P were observed for the earthquakes

originated in all the other provinces: 7a, 7b, 8b, 8c, 8d, 8e, 8f,

8g and 9. But there are so many differences in P derived phases

that they claim for a separate description.

Seismic Region 7a. After P a larger phase arrives with an interval

corresponding to depth; that means that if is a pP (Fig. 6.1).

See the gradation of amplitudes P<pP<Lg - Rg (both later

phases indepent from depth). S<<P . For the corner northeast of

this region P is fairly large; no other P derived phase is

observed; Lg<P. 80% Of path for those earthquakes to LPB is across

shield zones.

Seismic region 7b. The main difference with to appears in short

period surface waves: Surface earthquakes located between 720 and

,9 0W and 70 to 90N have them larger than pP (Fig. 6.2).

7
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Intermediate earthquakes have smaller shczt period surface

waves.

Seismic region 8a. Generally no P derived phase; in a few cases a

second phase, 3 to 8 seconds after P of unknown process of

generation.

Lg and Rg << P, ; S very small.

Seismic region 3b. In most of the records pP is observed; in some

cases another phase P1 between P and pP, 5 to 9 seconds after P.

Short period surface waves, especially Rg, are clear and

large; they appear for intermediate depth as well as for surface

quakes.

Three phases after P are observed, but in several cases only

the phase P is observed. The whole record has a small amplitude

(Fig. 6.3).

Seismic region 8c. Most of the earthquakes of this region are deep.

The surface or intermediate quakes have three P phases (Fig. 6.6),

being the second one pP larger than the other two (1st and 3rd this

one not identified) . S phase is clear for deep earthquakes (more

tnan 500 kn) , but emergent for surface and intermediate quakes.

Short period surface waves are larger for surface and intermediate

quakes, not existent for deep quakes.

8
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Seismic region 8d. It is considered especially complex, since

record amplitude may be larger or small for the same magnitude; P

derived phases may be clear or completelly absent; in some cases

a regular pP was identified. We have to remark that Nazca plate

dip changes gradually within this region from horizontal to 35c

(Fig. 6.5,8,17).

Seismic region 8e. Records show two phases after P, one 2 to 5

seconds, the other 14 to 20 seconds after P. Looking to the

envelope curve, two are clearly different:

I The third arrival is the largest one (Fig. 6.12 through 16).

2 The first P arrival is the largest one (Fig. 6.18).

Short period surface waves are smaller than S; records are not

clear, especially for surface waves, without doubt because, being

regional events, wave trains recorded analogically may not be

decompressed.

Seismic region 8f. A second arrival 2 to 8 seconds after P is

independent from the focal depth. Deep earthquakes (h>500 km) do

not show any duplication of P, that is to say, no pP.

Generally, but no always, the first phase is smaller than the

second one. Short period surface waves Lg, Rg are larger than

previous phases for surface quakes, are smaller for intermediate,

are absent for deep ones. No Li recorded for this region. (Fig. 6.9

through 11).

9
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Seismic region 8a. Ocean and coast. Generally the whole record is

of small amplitude. A second phase, larger than P, corresponds to

pP (Fig. 6.8).

Seismic reQion 9. 3 To 9 seconds after P, another phase is

observed, and a third one after 18 seconds. Generally the coda is

short, signal amplitude small. Short period surface waves are not

observed at all.

Seismic reqion 35. This geological zone is quiet, well known,

consisting mostly in Guyana and Brazil shields. One P phase of

small amplitude is observed (Fig. 6.4).

Phases Li, Lg and Rg are clear. S phase has small amplitude

and a rather long period, so it is read on long period records.

10
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CONCLUSIONS AND INTERPRETATION

Analysis of the phases following the first P arrival for

earthquakes occurring beneath South America and Pacific coast

recorded at LPB station has shown that these phases are related to

the South American and Nazca plate complex structure.

The complexity of Andean Cordillera explains the strong

attenuation of waves transmitted along a path parallel to its axis

across transition zones. Variation of crustal thickness appears to

influence more seismic waves than source or station conditions.

Problably P1 has its origin in a canalization of waves in the

subducted Nazca plate; also a low velocity layer in the upper

mantle was suggested for teleseisms of intermediate depth. For

regional earthquakes of surface focus rather reflexion in the

multiply layered continental crust would be the responsible of

those phases; that would also explain the delay in many earthquakes

recorded with small amplitude.

P, possibly is originated in the S to P conversion; but this

possibility does not explain P2 presence for deep earthquakes.

11
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In a few earthquakes P is faster than expected according the

tables. These cases have an irregular geographical distribution nct

coincident with the division of South America related to other

seismic aspects. Possibly a high velocity layer in the mantle may

explain that (200 discontinuity 400 km deep. Lehmann, 1970; Julian

et al., 1968; Fahmi, 1964).

Nazca plate geometry is important related to conversion of

wave type or its reflexion, mainly if focus is at an intermediate

depth.

On the other hand the wedge of the mantle between the Moho

and the Benioff zone may disturb seismic ray propagation for deeper

events, those originated in plate contact.

The small amplitude and the absence of other P derived phases

.n the region a possibly are explained by a strong absorption of

energy in the transition zone oceanic to continental crust.

The region 35 produces very small P, without any acceptable

explanation for the moment.

See in a tabular form the behavior of South American regions

concerning P derived phases at LPB; those of unknown origin will

be called P. and P,.

12
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ZONE P-PHASES

One P arrival 8a P

35 P

Two P phases 7a P PP

7b P PP

Three P phases 8b P Pi

8c P PP

8d P Pi P2

8e P Pi pP P

8f P Pi pP P2

8g P PP P2

9 P Pi pP

13
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A paper was presented in the General Assembly XX of the IUGG

in a poster session of August 22, whose abstract is as follows:

REGIONAL PHASES SHOW ANDEAN ZONE COMPLEXITY

Minaya, R. Cabre S. J. and R. Ayala

Observatorio San Calixto. Cas. 12656. La Paz, Bolivia

Reglonai phases Li, Lq, Rg and S, ? residuals, for South Amer:can

earthquakes recorded at LPB station, show a regional compiexity -1aiming :or a

new division in subregions of different seismic and structural characteristics.

Eastern South America, excepting the quite stable Guyana Shield, has a few

anomalies, probably originated in deep fractures. In northern part -)r 3outh

America attenuation ;s nigher than normal, uneven, with a tendency to increase

f:om W to E. The Andes in ?eru-Ecuador are the most complex part of the 4hule

Scutn America, especially 'g and Rg are different for eartheuakes supposed

si.milar in location and size. Continuing to the S, we find double nnase P, but

on!-/ wnen quakes riginate in suDducted plate; attenuation of Lg still 3ppear3-

tign. Scutnern Argentina-Ch ie is tne less ::-mplex part of the Andes, thcugn

L- an Rg are not recorded at all; eventually P phase is double or also triple.

14
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N-S 2 2

: E-W UR UH

la. Particle motion of P phase.

N-S 2 2

E- r UH

lb. Particle motion of pP phase.

N-S2

:' A

•[/ "
E-W '' R UH

ic. Particle motion of P2 phase.

Fig. 1. PARTICLE MOTION OF THREE P PHASES. ZONE 8f (Fig. 6.8).

15
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"- --W UR UH

Fig. 2. PARTICLE MOTION OF COMPLEX P PHASE. ZONE 8d (Fig. 6.17).

E -'- UOR UH

3a. Particle motion of pP phase.

. R UH

3b. Particle motion of P2.

Fig. 3. PARTICLE MOTION OF TWO PHASES. ZONE 8f (Fig. 6.10).

16
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Fig. 5. MAP OF SOUTH AMERICA SHOWING THE ZONES ACCORDING TO
THE SEISMIC P PHASES ANALYSED.
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:30 SECONDS

NUMBER ZONE D h AZIMUTH hid NUMBER ZONE D h AZIMUTH mb

(0) (km) (0) (0) (km) (0)

1 7a 27.87 112 192 4.2 8 8g 22.18 24 13 5.3

2 7b 23.73 39 170 5.0 9 8f 16.59 103 7 5.9
3 8b 22.45 91 158 5.7 10 8f 16.00 24 2 ..?

1 4 315 18.96 10 208 5.0 11 8f 15.03 13 358 5.6
5 8d 10.65 63 119 5.6 12 8e 3.07 66 13 5.0
6 8c 10.73 67 164 4,8 13 8e 7.31 40 17 4.8
7 8d 7.49 117 134 5,2 14 8e 7.21 47 331 4.7

15 8e 5.53 63 24 4.9

16 8e 4.90 115 7 4,.4
17 8d 3.90 47 108 4.7

18 Be 3.29 33 15 4.8

Fig. 6. SEISMOGRAMS RECORDED AT LPS STATION, SHORT PERIOD VERTICAL COMPONENT, SHOWING THE DIFFERENT P PHASES.

19 
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Li OF PERU EARTHQUAKES RECORDED AT LPB

The analysis of Li waves originated in Peru, recorded at LPB

(La Paz-Bolivia) station continues a previous study: La onda Lg a

traves de los Andes y registradas en la estaci6n de LPB (Alc6cer,

1989). Generally the beginning of Li waves is enough clear.

350 Events occurred in Peri from 1974 to 1986 could be useful

for that analysis; among them 95 were selected, excluding the

smaller ones, several superposed with other signals, etc. On the

other hand two recent events clearly recorded in local digital

stations were added for comparaison reasons (Fig. 7).

0w 60 IN 40 0

I7

20 S

A0 .. ;_

.Y .3

Fig. 7. Epicenters of earthquakes studied here
(1974-1986).
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The guided waves Li were found by M. Bath (1956), meanwhile

studying in detail the following phases Lq and Rg ( Press and

Ewing, 1952); they propagate along a low velocity layer, supposed

to extend between Conrad and Mohorovicic discontinuities; that

supposition originates in the analogy of those waves with Sb waves

observed for near earthquakes.If the path focus-station is ocenaic

along about 100 km, Li is not recorded, but when the oceanic path

is no more than 60 km, Li is recorded the same as when the path is

completely continental. The non-existence of a granitic layer,

together with the reduction of basaltic layer to a few km, mean

that the continental crust is responsible of Li generation and

transmission; so, a low velocity layer is thought to occupy the

intermediate space (so it is represented by index i).

When the path of Li waves is parallel or subparallel to Andes

Cordillera, Li are smaller than Lg, being the ratio Li/Lg

0.65±0.20; both trains of waves have a similar predominant perioc

(that allows a direct comparaison of amplitudes in the record

itself). If path is perpendicular to the Cordillera, Li at least

equals Lg amplitude, but generally is larger, being the mean ratio

1.05±0.21.

Li are the beginning for several trains of surface, short

period, low velocity waves, appearing as a continuation; so, some

times the whole set of different waves is called Lg.

21
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Particle motion of Li waves appears complex, mainly for

surface earthquakes, what suggests that such waves are a

composition of several arrivals.

The largest part of the energy belongs to the horizontal

projection SH (transverse to the ray path); after that the largest

amplitude corresponds to the component SVH (parallel to the ray

path); the vertical amplitude SVV is small, practically absent for

intermediate depth earthquakes.

Amplitude spectrum was obtained by fast Fourier transform;

the maximum amplitude corresponds to frequencies o.75 to 1.40 Hz.

WAVES.

The ground apparent velocity of Li was calculated by dividing

the hypocentral distance (D) by the travel time (t):

V = D/t

Two different ranges of velocity may be distinguished

corresponding to different ranges of depth (see Fig. 8).

Depth (km) Velocity (km/s)

h:120 3.84±0.03

h>120 3.91±0.04

22
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Fig. 8. Histogram showing the correspondence
between frequency of apparent velocity values
considering two depth ranges.
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PART II

ATTENUATION OF THE SHORT PERIOD WAVES P, Li, Lg AND Rg

TRHOUGH PERU - BOLIVIA, RECORDED AT LPB

R. Rodolfo S. Ayala, Ram6n P. Cabr6 S.J. and

Estela R. Minaya

Observatorio San Calixto, La Paz, Bolivia

ABSTRACT

This preliminary study analyses the characteristics of phases P,

Li, Lg and Rg of earthquakes originated in Peru, recorded at La

Paz - Bolivia (LPB). See the mean apparent velocity (km/s) for those

phases, according the depth:

P Li Lg Rg

h!70 km 7.73±0.01 3.84±0.0001 3.54±0.0003 3.17±0.001

70<hS217km 7.86±0.05 3.81±0.01 3.53±0.003 3.15±0.005

The anelastic attenuation has values quite different in two

separate areas: In the Cordillera region oscillates between 0.12

and 0.17 I/degree; in Brazilian shield and Subandean oscillates

between 0.12 and 0.17 1/deqree. Being quality factor Q inversely

related to :In the Cordillera region Q changes between 192 and

b30; in Brazilian Shield and Subandean between 450 and 794. The

complexity of Cordilleran structure may explain a stronger

attenuation.

Remark.- The Spanish version of this paper is in press, in the
Revista Geofisica (Pan Anarican Institute of Geography and History).
It is annexed to this Report. Figures in the Report are taken from
the Spanish version.

24
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INTRODUCTION

Longitudinal waves ( P waves) have particle motion in the

same direction as the waves propagate. Their velocity is less than

3 km/s in the crust and 8 to 10 km/s in the mantle. They are wel!

observed in the short period vertical component.

Li waves (identified by Bath, 1956) are short period channel

waves period transmitted along the intermediate layer of the crust.

Their group velocity is 3.79±0.07 km/s. They are identified as S*

wave at short epicentral distance, their particle motion is

complex, with large horizontal component.

Lg guided waves have short period, large amplitude (discovered

by Ewing and Press, 1952); they have a particle motion

perpendicular to the ray path, polarized on horizontal plane; their

group velocity is 3.54 km/s.

Rg were recognised (by Bath, 1954) as guided waves, short

period, Rayleigh wave type, with propagation along the granitic

layer, group velocity about 3.0±0.7 km/s and particle motion

characteristic of Rayleigh waves.

DATA

The events studied occurred in Peru, 2' to 180 latitude scuth,

680 to 81 longitude west (Fig. 1), magnitude mb 4 to

5.6, depth divided in two ranges h:70 km and 70<h 217 km, during

1973 to 1986. The data was taken from ISC, for earthquakes recorded

at LPB station.
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METHOD

The maximum amplitude and corresponding period of P waves were

measured on the short period vertical seismograms; Li, Lg and Rg

maximum amplitude and period were measured on short period

horizontal seismograms.

The region was divided in six diferent zones (Fig. 2)

according to the back azimuth station-epicenter. In relation to

the depth each zone has two levels (Table 1). The first level for

shallow depth and the second one for intermediate depth.

Amplitude data were normalized at mb=5.0 in order to avoid the

source effect.

R', wa5v.7j r "*

,* "" TABLE .
\° S

SZONE AZIMUTH (sta-epi)

o\_\ 2 i . .

\ • \ \ 1 3400 - 32Cc

0" \ 2 320' - 310'

" 3 310c - 280c

v 4 280c - 27CO

5 27, 250t * '2-- .* , .- ' 5 270c - 25C0

*,* 6 250c -160

Fig. 2. Epicenter distribution map,
showing the division by zones.
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NuttliIs equation of magnitude (1973) was used to compute the

C, B coef ficents f or each phase and zone. Coef ficent of attenuation

was computed from attenuation curve (Fig. 3) of Nuttli (1973),

whose basic equation is:

A- K*(1/(D 0 ))11 2 * (1/ (SIN (DO))112 * (e'f*

Where A i4s amplitude (micrometers), K constant, Do epicentral

distance and Y anelastic attenuation coef ficent ('/degree).

UE+2

iE+ii

I- j ......

0 3

UE-3 0\0.5
0. 7

if-I
A1~- iE+0 1~ E+2 2E+2

EFICITEAL DISTANCE Wo

Fig. 3. Attenuation theorical curves of the amplitude
in time domain, where iJs expressed in reverse of
degree (Nuttli, 1973).
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Units of T were changed to 1/km in order to get the quality

factor Q using Nuttli equation (1973)

Q =7r/ (T* *V)

Where T is period in seconds, 5 anelastic coefficent of

attenuation (1/km) and V group velocity (km/s)

Herrmann (1980) method was applied to data in order to verify

the Q values obtained by Nuttli's method (1973). Herrmann's method

used the coda of the seismic event, considering that the main

frequency fp (Hz) is inversely proportional to Q values.

The master curves were used to obtain the Q values (Fig. 4)

for short period standard seismograph (WWSSN). Travel time

divided by Q is equal to t* (Fig. 4); fp (Hz) was computed taking

a time band-window about 10 seconds and number of zeros that cross

the mean trace of signal, after that they are divided twice by the

time band-window; fp (Hz) is plotted versus t (s) and cheking with

the master curve until t* becomes equal to one, then the Q value

will be numerically equal to t.
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IE+L

U2

U (s)

Fig. 4. Master curve of main frequency fp (Hz) versus t*
for standard short period seismographs (WWSSN) (Herrmann,
1980).

Group velocity was obtained by plotting travel time versus

epicentral distance fitting curve and computing it for each phase

(Figs. 5a and 5b, according to depth).
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Fig. 5a. Travel time versus epicentral distance
curves for shallow earthquakes.
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TECTONIC AND GEOLOGICAL ENVIRONMENT

The region studied corresponds to a convergency zone between

two tectonic plates where the Nazca plate is subducted under the

South America plate; the Nazca plate moves a 6 cm/year and the

South America plate 3 cm/year (Minster and Jordan, 1978).

The Nazca plate is divided in five segments in this region,

the first between 20 and 60 south latitude , dipping 120 E, 100 km

thick, seismically active until 250 km; the second segment from 73

to 120 south latitude , dipping 200E, 110 Km thick and seismically

active until 580 km; the third segment, 120 to 150 south latitude

, dipping 16*E, 100 km thick and seismically active until about 290

km; the fourth is located from 150 to 170 south latitude, dipping

210 E, 120 km thick and seismically active until about 300 km; the

fifth, from 170 to 24' south latitude, dipping 290 E, 120 km thick

seismically active until about 580 to 600 km (Ayala, 1991).

Both in the Northern and Southern parts there are active

volcanoes, being weakness zones.

Continental plate is divided (at surface) in five geological

provinces: Andean Cordillera, Altiplano, Coastal Cordilleri,

Coastal Plateau, Upper Basin of Amazonas, Chaco-Benian plains,

Brazil and Guayana Shields.
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Andean Cordillera consists of Western and Eastern Cordillera,

the last one composed of Paleozoic rocks and granitic bodies, the

spurs, called Subandean, are composed mainly by sedimentary

Paleozoic rocks , strongly folded and fractured. Western Cordillera

consists mainly of volcanic rocks.

Coastal Cordillera is made of a series of batholithic rocks

parallel to the coast line. It is a local range.

Coastal Plateau separates the Coastal Cordillera from the

Western Cordillera.

High Plateau corresponds to a tectonic trench lifted, of

mesozoic age. It is located between Western and Eastern

Cordilleras, filled with sedimentary rocks, paleozoic, cretaceous,

tertiary and quaternary cover, around 12000 meters thick (Schlater

and Nederlof, 1966).

Brazilian Shield consists of precambrian rocks. They are the

basement of South American plate. The part outcroping in Bolivia

is labeled Guapore Shield; the northern prolongation is labeled

Guayana Shield. These are separated by sedimentary paleozoic rocks,

of marine origin and meso-cenozoic rocks of Amazonas basin 700

meters thick (Jeffreys and Aires, 1988).
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The Eastern part is called Upper Amazonas Basin, with

Paleocene rocks. It covers the contact between Shield and

Cordillera. It is about 4000 meters thick (Morrison, 1962).

Chaco-Benian plains are wide, with cambrian and paleozoic

rocks, 2300 meters thick (Morrison, 1962), while along the Beni

river the precambrian basement is covered with terciary rocks.

SEISMIC WAVES ORIGINATED IN THE PERU

The Fig. 7 shows the short period vertical records of

Peruvian earthquakes, recorded at LPB.

$L:

2)

4)

Fig. 7. Vertical short period seismograms recorded at LPB.

(1) 15-VII-1982 ; h=117 kn ; mb=5.5 ; D0 =10.34c

(2) 20-111-1983 ; h= 18 km ; mb=5.4 ; Do= 8.900

(3) 21- V -1986 ; h=126 kn ; mb=4.9 ; D=15.51 c

(4) 23- IV-1986 ; h= 96 km ; mb=5.4 ; D*=17.850
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P Phase

In general the Peruvian P waves have emergent beginnings:

periods between 0.6 and 1.2 s; the average apparent velocity is

7.73±0.01 km/s, normalized amplitudes from 0.01 to 0.3 micrometers

for shallow focus; for intermediate focus the velocity is 7.86±0.05

km/s and their normalized amplitudes from 0.02 to 1.1 micrometers.

The particle motion parallels the ray propagation (in the three

?lanes: horizontal plane formed by N-S and E-W components; vertical

plane parallel to the azimuth, formed by vertical component Z with

the radial proyection UR, and the vertical plane perpendicular to

the azimuth, formed by the Z component and the horizontal

proyection UH (Fig. 8a y 8b). These waves travel across the upper

mantle, for the considered distances.

Li Phase

They are guided waves of short period, generally with emergent

beginnings, transmitted by the lowest part of the continental

.rust; periods between 0.7 to 1.2 s; average velocity is

3.84t0.0001 km/s, their maximun amplitudes from 0.04 to 0.3

micrometers for shallow focus; apparent velocity for intermediate

depth is 3.81:0.01 km/s and their maximum amplitudes from 0.1 to

3.4 micrometers. Particle motion shows predominant movement almost

perpendicular to the ray path with some horizontal polarization

(Fig. 9a),record is clearer for intermediate focus (Fig. 9b); this

phase may be a superposition of higher modes of Love waves.
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Lg Phase

They are guided waves of short period, generally with emergent

beginnings ; transmitted by the higher part of the continental

crust, with periods between 0.6 to 1.5 s; average velocity is

3.54:0.0003 km/s, their maximum amplitudes from 0.02 to 0.9

micrometers; for intermediate focus is 3.53±0.003 km/s and their

amplitudes from 0.09 to 2 micrometers. Their particle motions are

perpendiculars to the ray path, with a strong horizontal

polarization (Fig. 10a), major in the intermediates (Fig. lob).

Rg Phase

They are guided waves of short period, generally with

emergent beinnings; interfered by the previous phases coda; it is

transmitted by the higher part of the continental crust;

predominant periods between 0.6 to 1.4 s; average velocity is

3.17:0.001 km/s, their maximum amplitudes from 0.03 to 0.2

micrometers for shallow focus; for intermediate focus velocity is

3.15±0.005 km/s and their maximum amplitudes between 0.04 to 1.1

micrometers. Particle motion is parallel to the ray path (Figs.

Ila and llb), being a composition of much higher modes of Rayleigh

phase.
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ANELASTIC ATTENUATION COEFFICIENT

in order to estimate the anelastic attenuation coeficients

( ), first the amplitudes read for each zone and for different

depth levels were normalizated, to mb=5.0. Real values were

superposed to the theorical curves (Fig. 3) obtaining Y the

values (in 1/degrees) for each considered phase.

The Figs. 12a to 18a show the values for each phase, zone

and depth level analysed. The values of period (T) and average -5

and their respectives standard deviations are detailed in the

Table 2.

QUALITY FACTOR

With the obtained values the formuled (II) was applyed to

calculate the apparent Q values for each zone, considering

different focal depths.

Plotting fp versus t, was appropopiated through the metod of

seismic wave coda form (Herrmann, 1980), that may confirm the Q

values calculated by the Nuttli's method (Figs. 19a to 26b).

The computed Q values were plotted on a map to obtain the

regions of similar Q value (Figs. 27a to 30b).
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Group velocity values (V) and average Q for each zone and by

depth levels and their standard desviations are expressed in the

Table 2.

TABLE 2

PHASE IZONEI T V
(s) (1/deqreei (km/s)

1 0.85±0.01 7.71±0.03
2 0.80±0.01 0.12±0.004 7.88±0.02 458±1 450

P * 3 i0.90±0.06 .0 .5

4 0.80±0.04 0.16±0.000071 7.77±0.05 357±10 350
5 0.90±0.06 0.30 0.005 7.59±0.02 181 12 200

1 0.85±0.02 8.01±0.03
2 0.85±0.04 0.12±0.0005 7.96±0.002 447±26 450

P * 3 0.80±0.02 7.90±0.04

5 0.80±0.0071 0.30±0.0008 7.65±0.006 192±i11 200
6 0.95±0.02 6.98±0.25

1 1.0±0.007 3.S4±0.003
2 1.0 0.12±0.000051 3.84±0.003 753±1 750

Li * 3 1.0 3.84±0.305
4 0.95 0.01 3.84 0.007
5 I 0.90±0.02 0.16±0.01 3.84±0.006 601±9 600

1 0.90±0.01 3.83±0.304
2 1.0 0.12±0.000081 3.81±0.004 794±5 780

Li ** 3 1.0 3.81±0.301
4 1.0 1 3.84
5 0.9±0.06 0.16±0.0002 3.77±0.005 630±23 600
6 1.0 3.73

1 1.0±0.03 3.54±0.002
2 1.2±0.24 0.15±0.000041 3.54±0.004 614t8 600

Lg * 3 1.0±0.06 j 3.54±0.003
4 1.0±0.06 3.54±0.301
5 1.0±0.03 0.20±0.006 3.54±0.003 480±5 480

1. i 0 i3.54±0.001 1
L2 1.0±0.03 0.15±0.000031 3.54±0.004 630±5 550

Lg 13 0.90±0.04 3.54±0.002
5 1.0 0.20±0.0004 3.52±0.003 512±6 500
5 1.0±0.07 0.23±0.06 3.48±0.07 420± 0 4C

1 1.0±0.03 3.18±0.004
2 1.0±0.00 0.16±0.003 3.18±0.004 664±4 650

Rg * _3 1.0±0.03 3.18±0.006
4 1.0 3.18±0.003
5 1.35±0.01 0.20±0.002 3.17±0.004 529±19 50C
6 1.10±0.07 3.17±0.002

1 1.0±0.06 3.17±0.002
1 1.0±0.006 0.17±0.002 3.17±0.01 1 652±23 650

Rg ,* 3 1.0±0.i0 3.16z0.003
4 1.0±0.06 3.1, t0.01
5 1.1±0.04 0.20±0.0008 3.11±0.004 534±6 Soo
6 1.0±0.03 3.11110.009

shallow focus ** zntermediate focus
N Nuttli's method (1973) H Herrmann's method (1980)
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INTERPRETATION

Comparing the group velocity calculated for the P waves with

the regional velocity model (Fig. 32) (Ayala, 1991), we notice that

these waves are transmitted through the higher mantle, including

its low velocity layer. For shallow focus three regions are

distinguished in relation to Q, the first one with lowest

attenuation corresponds to Brazilian Shield and Subandean zone with

the highest values of Q; the second zone corresponds to the

Cordillera, with a larger attenuation, caused without doubt by the

structure complexity, and the third sone for the Altiplano and

active part of Western Cordillera. For intermediate focus two

regions are distinguised with an increased attenuation towards the

West; the first for the Brazilian Shield, Subandean and Eastern

Cordillera and the second for the Altiplano and Western Cordillera.

The Q calculated values of Table 2 correspond to an average

of the whole trajectory; analysing these values as function of

the epicentral distance, a tend to a little increase of Q with the

distance appears, that will be studied later. For more distant

events there is a deeper penetration of the P waves corresponding

to increased density and homogeneity of mantle material.
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The Fig. 33 shows the depth variation of the Mohorovicic

discontinuity between Peru and Bolivia (modified from James, 1971),

the maximun thickness of the crust below the central Andes

is 70 km (Fernandez, 1968; James, 1971 and Molina, 1977), it

diminishes eastwards until 40 km, to become constant with a

thickness of 39 km for the Brazilian Shield region (Oblitas, 1972);

westwards the thickness of oceanic crust in the Nazca plate is 5

kilometers (Guzmdn, 1972).

Two cases of guided waves; shallow focus, two regions

according to Q values, may be distinguished concerning attenuation

is small in the shield region, it increases westwards beneath the

Cordillera.

For intermediate foci there is a better resolution, possibly

because the attenuating effect of the sedimentary package of the

continental crust is lesser; studyng the quality factor values, we

can discriminate two regions and also three for Lg; noticing a

larger Q value (minor attenuation) for the Brazilian Shield and

Shield-Cordillera border (Subandean); Q diminishes in the Eastern

Cordillera (larger attenuation), and much more in the Altiplano

and Western Cordillera; these vertical and lateral changes in the

structure appear trough Q changes; sea it in a preliminary model

ot Q for the continental crust between Peru and Bolivia (Fig. 34)

to show the complex structure below the Central Andes.
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ANNEX

The previous preliminary study was proposed for

publication in Spanish in the Revista Geofisica (Pan

American Institute of Geography and History) and is in

press when this report is written. It is annexed to the

report.
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ATENUACION DE LAS FASES DE CORTO PERIODO P, Li, Lg y Rg

A TRAVES DE PERU - BOLIV[A, REGISTRADAS EN LPB

Rene Roaofo Ayala S.
Ramon Cabre Roige S.J.

:steia Minaya Ramos

ABSTRACT

This preliminary study analyzes the characteristics of phases P,

L:, Lg, and Rg of earthquakes originated in Peru, recorded at La Paz-

3olivia (LPB).

L; Lg Rg

2!7 h>70km 7.36+0.05 3.3l10.01 3.53±0.003 3.15±0.005

The anelastic attenuation has values quite different in two

seoarate areas: in C.ordillera region oscillates between 0.16 and 0.20

1/degree: in Brazilian Shield ana 3uoandean Y osc.lates -etween Z.12

and 3. :7 iegree.

3eing zual.-y "actor 9 :nvermely -eiateo to & : In -he Coroillera

region ; :nanges between 192 and 630: in 9razii.an Shieia and Suoanoean

oetween 450 and 794. The comolexity Di Cordilleran strucure may

-xolain a stronger attenuat:on.

+ 2bser/acor o Zan :al ixto. La :az. 3civd-i
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RESUME

El presente estudio preliminar anal iza !as caracteristicas de las 'ages

P, Li, Lg y Rg, de sismos del Peru , reyitradas in L~a Pat - 8alvla
(LP9).

L~a velocidad promedio (km/s) oara !as fases consideradas as:

P U L9 R

h!70 km 7.73±0.21 .. 4±0.0001 3.54±0.2003 3.I7±0O.Z0l

217!h>70km 7.86!0.05 3.81!0.01 3.33t6.203 3110.5

So tionen an general dos valores de1 coeicionto do atenuac16n anel~s-

t~car, para I& regi6n do la Coriillera ~22a 0.1,7 1/graaos y oara

e; Escudo Brasilego y Suoandino '.16 a -a.30 h,/grados-. an reiac:6n

inversa con el factor de cal idac 92; siendo 0=192 a 630 y 0=4550 a 794

respmctivamente; corresoondiendo la mayor atenuact6n do las andas a

la region de I& -oroillera, mooido a la comolejidad an la estructura.

NTROQUCC :ON

Las ondas orimarias P, u ondas longitudinales, tionon un miovimionto do
particula paralelo a la dircci~n do orocagac16n del rayo. Peesmflan
velocidades menores a 8 km/s en la corteza y de 8 a 10 km/s en el inanto. Se
registran mejor an Los sismogramas vernicaies die corto periodo.

Las ondas Li Cidentificadas Por Satt,, !956) :orrisooncen a -3naas guiacas
do t-orno perieodo. que so transmiten por !& :aoa -ntermozci a '. :ortoza (ae
atli el 3ubindice 0), con velocidadis do gruno as 3.79±0.47 km/i, / ecuivalen
a la fase Si observada oara sismos cercanos: Presentan un m0v,.miento lie
particj.la --,mcolejo. :on una mayor comoonente horz:ontal.

Las ondas Lg son indas guiauias is -:or-a :)er,.odo / gran ial1.ja. wei so
;uoone se oroagan oor 'a ienominada :ioa *grantttca le ia -:oreza. '.e ant -21
suaindic? 3; tas Iesc-ucrer'rn Ewina ! Pess -?n 1?12: oresentin .,in Tov-mLenco
de or&cu.a oernena~c-ilar a11.4 jirec:ian 3e .,rnoagcan .Iei ravc. *~:a

nejor an los sismogramas norizontales i :or-o oerioco.

Las ondas Rg :reconoc:ajas ;)or 3ach,. ITW:4 son )ncas ;uioaas *"e c:Or~o
pericoo, de b800o Rayleipr. -3ue se 'ransmitan aor '~a denominaca :3oa ;r~nitcca
de l~a :or~eza: orencan in movimiento je jaricula paraielo a 1j iirec:in Ji
ornoagac:.on (lei o- yo. eliat:co /' rer,)graao an el oiano /er--c3i; .ina
iebacl ' ad de gr'uoo je 'IJ±'4.7 ',ms. 3e -eq~szran nejor en !a :zmeonente
,er~clde cor,:o 3er-.odo.
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3
DATOS ur[LIZADUS

La reqi6n de estudia esti comoreridida eritre los 2* a 180 latitud sur y
680 a 910 longitud oeste; se consideraron los sismos provenientes del Peru
(Fig. 1), can magnitudes mb (macgititud de ]as ondas de cuerpo) desde 4.0 a 5.6,
de los agos 1977 a 1986, toinados de los Cat~1logas de Sismos del International
Seismological Center (l.S.C.), registrados en las componentes de corto periodo
de la estaci6n sismol6gica de La Paz, Bolivia (LPB) de la WWSSN (World Wide
Seismographic System Network).

Los sismos utilizados varia. dpede profurndidades superficiales (h!70 kin)
hasta intermedios con profundidades (70(h217 kmn).

PROCEDIMlENlO Y METODO

Para medir las amplitude5 se consideraron los siquientes aspectos: para
las oiidas P se midieron las in~xiinas aimplitudes y los periodos correspondientes
de los sismogramas verticales de corto periodo y para las oricas Yuladas Lq, Li
y Ry, las mAxiinas amplitudes y periodos de los sismograinas horizontales de
corto periodo.

La regi611 de estudio se dividi6 en 6 zorias difererites (Fi:q. 2), de
acuerdo al azimut (estaci6n-epicentro). Comisiderando la divisi6n por
profundidad para cada zona, se tienen dos niveles por cada una de ellas (Tabla
1); el primero con los sismnos superficiales y el segundo con los intermedios.

* - ABLA 1

0 0 - ZONA AZIMJT (est-epi)

0

0

00 2 320- 3100

03 3100 - 2BOO

iis 0 0-ids 4 21309-2700

0 *0 \\ 5 2700- 2bO'

46 2500 1600
0

0 0 

N

0 5 0 .'

0*

Fitj. 2. Mapa de distribuc16n de epicentros, mostrando la, divisi6n por tonas.
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Con los datos de amplitud y periodos leidos, 5e procedi6 a normal izar la
amplitud para cada zona a una mayiiitud mU=5.0, consideraiido sionilares iiiveles
de profundidad, para evitar el efecto de foco; a partir de la f6rmula de
magnitudes (Nuttli, 1913):

mb= C + B(Ioj 00) + loq(I1/J) (1)

Dontie:
mb =maqritud de las otidas de cuerpo
C =umbral de detectabilidad
B =coeficiente de atenuac16vi

00=distancia epicenitral en gradas
A =amplitud mAxima en micr6metros
T = periodc do las ondas de ampLitud mAxima Pn segundos

Primero se determinaron los coeficietites C y B para cada fase y zona;
despuds se despej6 de la fdrmula (1) Id afuPkItud; reemplazando todos los datos
conocidos se normaliz6 la amtjlitud a uria determinaia magriitud (mbi=5.0) y rango
don nrn fi ndlid'ad.

Secjuidamente se utilizaron las curvas de ateriuaci6n (Fig. 3) de Nuttli
(19/3) para caicular el coeficien'te die atenuacidn 26 ; en base a la ecuaci6n:

A/Z yz - *

A- K*(l/(00))*(1/(SIN(00)))*(e

Donde:

A = amplituci de la onda en micrbwetros
K =constante
00 = distancia epicentral en yrado%
'= coeficiente die atenuac16n: anelAstiwca en (1/qradus)

~ 10 1

IE-11

0.7

Ik I I

'lii r CIA I l(UENTYAI. '4

Fiy. 3. Curvas te6ricas de ateinuaci6n de la ainp Iiatud en el domninio del
tiempo, donde 6 estA expresado en el inverso de cirados (Nuttli,
1973).
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Para calcular el factor die calidad 0 se cambiaron las uridacdes de 6a
1/km y se empie6 la f6rmuLa (Nuttli, 19/~3):

Donde

it =3.1416

r = per iodo eii sequnttos
W= coeficiente de ateriuaci6n anelastica en 1/kil6naetros

V =velocidad die grupo en kil6metros par segurido

Para comprobar los valores tie Q obterwidos cort el r'itodo tie Nuttli, se
utiliz6 taiein el m~todo de la forma de la coda (Herrmanii, 1989), el cuai
explica que la frecuencia predominaite (fp) es iniver~amente proportional a 0,
para lo que utilizaremos la curva maestra fp versus t* (Fiq. 4) para
instrumentos de corto periodo de la red standard (WWSSN), dorade t* es iqual
t/0, siendo t el tiempo destie el oriqen en segundos. Para este prop6sito se
calcula la fp tie cada fase arializada en Hertz, que consiste eft tomar un tiempo
de medida 10 segundos a mAs (ventana de tivanpo) y contar el numero tie ceros
que cruzan la traza media del sismograma y dividirlos par dos veces el tiemao
(ancha) die la ventana; se plotean fp (Hz) versus t (s) y son sobreimnpuestas
encima tie ]a curva maestra (Fig. 4) hasta clue t*=-1, entonces cl valor tie GI
serA numdricaemeiite iqual a t.

U-2, 100l

Fig. 4. Curva maestra de la frrecuerncia predomnaatc tic la coda fp (izI) versus
t* (s) para instrumentos die cup-to periodo tie la WW~SSN (Herrmann,
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Para determinar la velocidad die grupo die cada fase, se plotearon los

tiempos de viaje (tiempo oriqen nmsnos tiumpo de lIltjada die la fase; en

segundos) y la distancia epicentral eni grados (00), de acuerdo a la

profundidad (Fig. 3a y jb.), haciendo un ajuste line~al; para desijuds calcular
la velociclad die grupo para cada tipo tie onda.

A'~

401

t 3S0I
IS

16

6 1 2 4 j6 4 1I0 It 2lJ 14 is 6 7 1 a1 0

DISTMIICI EtICl)IfML (0)

Fig. Sa. Curvas die tiempo viaje versus diStaFCla para sismos superficiales.

6001

s I aF.* P. 4

AF.,1 Us

4001 *, Z/

100~ 
AAp

oiAsT~wi FrCI)TMLA (01

Fig. 5b. Curvas de tiempo de viaje versus distancia para sismos intermedios.



Los valores del factor de calxiad Q obtenidos fueron ploteados en un
mapa y con ayuda de la tect6nica y qjeoloqjia de la reg16n se realiz6 la
interpretac i6n.

MARCO fECTONICO - GEtJLOGICO

La reqi~n de estudia corresponde a una zona de corivergericia de dos
piacas tect6nicas, donde la piaca de Nazca se estA subduciendo debajo de la
ipIaca Sudamericana; la velocidad de avance de la placa de Nazca es de 5 cm/ago
y para la piaca Sudamericana de 3 cin/a~o (Minster y Jordan, 1978).

La placa de Nazca en la reqx6n de estudia presefita cmlco seumentos; el
primero entre los 20 a 60 latitud sur, coil un buzainiento 120E, espesor de 100
km y actividad sismica hasta la profundidad de 2W.i kin; el sequndo desde los 70
a 12" latitud sur, con un buzamietito de 200E, espesor de~ 110 kmn y profundidad
de 580 kin; el tercero desde los 120 a 150 latitud sur, con un buzamieito Je
166E, espesor aproximado 100 kin y profuiididad die 290 kmn; et cuarto desde los
150 a 170 latitud sur, buzamiento de 210E, espesor die 170 km y profundidad de
300 kin; el quinto desde 1/0 a 240 latitud sur, buzainieiito de 290E, espesor do
120 kmn y profundidad de 580 a 600 kmi (Ayala, 1991).

En la parte norte y sur sie presentani voicapes activos, mostrando zorias
de debilidad.

En la placa continental se tieneri varias proviricias qeol6gicas (Fig. 6):
Cordillera de Los Andes, Altiplanoa; Cordillera de la Costa; Pianicie Costera;
Cuenca Superior del Amazonias; Lianuras Chaco-Benianas; Escudo Brasilego y el

La cordillera de Los Andes se divide en cordillera Oriental Vp
Occidental; la primera con'2tituida por rocas paleozoicas y muchos cuerpos
intrusivos graniticos; las estribaciones orientales de la misma se deriominan
Subandino y son rocas sedirnentarias paleozicas, fuertemente pieqadas y
fracturadas; la cordillera Occidenetal esta conestituida par urna serie de
volcanes y mesetas volcArexcas.

La cordillera de la Costa, corictituye- urea serie de elevaciones paralelas
a la costa en la parte sur del Perq, furmada ior cuerpos batoliticos; siendo
una cordillera de tipo local.

La Planicie Costera, separa la cordillera de la Costa de la cordillera
Occidental.

El Altiplano corresporide a una fosa tect6nica levantada, de edad
mesozoica terciaria, ubicada tmtre la cordillera Oriental y Occidental,
rellenada par rocas sedimentarias, pa Ieoz oicr-as, cret~cicas, terciarias y
cubierta cuaternaria, coti un espesor de 1200~0 in (Schlater y Nederiof, 1966).
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El Escudo Brasilego estA formacia par rocas de eciad prechmbrica, que
constituyen el basaenento del coeitaente sudainericano (la parte que aflora en
Bolivia se denomina Crat6n de GuaporO); la prolonqaci6n de 6ste en la parte
norte se denomina Escudo de Guayana; separados por rocas sedimentarias de edad
paleozoica de ariqen marina y rocas neso-cenazoicas de la cuenca del Amazonas;
6sta tiene un espesor de 7000 in (Jeffreys y Aires, 1988); la parte mhs
occidental se denomitia Cuenca Superior del Amazonasi, con rocas paleo-
cenozoicas, que cubren el contacto eoitre el1 eacuda y la cordillera, con un
espesor aproximado de 4000 m (Morrison, 1962).

Las Lianuras Chaco-Bentiaias son ainplias Ilanuras tconstituidas par rocas
paleazoicas y cAmbricas, cors un esippsar aproximado de 2310 m (Morrison, 1962);
mientras que a lo largo del rio B0ni el basainenito prec~mbrico solo estA
cubierto por rocas terciarias.

UNDAS SISMICAS URIGINADAS EN EL PERU

La Fig. 7 muestra los registros verticales de corto periodo para sismos
del Peru, registrados en LPB.

2)

p L1

Fig. 7. Sismocjramas verticales de corto perioda registrados en LPB.

(1) 15-VII-1982 h=Ii11/ km ;inb=5.3 ;DO-10.340
(2) 20-111-1983 h= 10 km ; mb=5.4 O=~ 8.90'

(3) 21- V -19G6 h t-126 kin ; nb=4.9 ; =13.3i1
(4) 23- IV-1986 ;h= 96 km ;mb=5.4 ; =17.851
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Fase P

Las ondas P del Peru en general tiensen comietizo emergente; presentai
periodos entre Los 0.6 a 1.2 s; su velocidad promedio es 7.7310.01 km/s, sus
amplitudes normalizadas variati entre Las 0.01 a 0.3 micr6metros (1
micr6metro=0.00l mm) para focus superficiaies; para los intermedios es
7.8610.05a km/s y sus amplitudes varian entre 0.02 a 1.1 micr6metros. Exhiben
un movimiento de particula paralelo a la direcci6ii de propasjaci6n del rayo (ell
los tres pianos: piano horizontal formado por Las componentes N-S y E-W; piano
vertical paralelo al azimut, formado por la componente vertical Z con la
proyecci6n radial UR y el piano vertical perpendicular al azimut, formado por
la componente Z y la proyecci6i horizontal UH (Figs. Sa y Bb). Son ondas que
viajan par la parte superior del manto, para las distancias que eus nuestros
casos interesan.

Fase Li

Son ondas guiadas de corto per joti, cars comienzo qerieralmerite emerqente,
que se transmiten por la parte inferior de la corteza continental; sus
periocios est~n entre Los 0.7 a 1.2 s; su velocidad promedia es de 3.84!0.0001
km/s, sus amplitudes varian entre Los 0.04 a 0.8 micr6metros para focos
superficiales; para intermedios es 3.81±0.01 km/s y sus amplitudes entre 0.1 a
3.4 micr6metros. Presentan uti novtmiento de particula pr6ximo a la
perpendicular a la direcci6n de propagaci6fi del rayo con alguna polarizaci6n
horizontal (Fig. 9a), m.&s claro para Los focus intermedios (Fig. 9b); pudiendo
ser una sobreposici~n de modos superiores de la onda Love.

Fase Lu

Son ondas guiadas de corto periodo, generalmente claras, pero con
comienzos no impulsivos; se traoismiten por [a parte superior de la corteza
continental, con periodos de 0.6 a 12b sequridos; su velocidad promedio es
3.J4!0.0003 km/s, sus amplitudes varian de 02.02 a 0.9 inicr6metros; para focus
intermedios es 3.53±0.003 km/s y sus amplitudes entre 0.09 a 2 micr6metis.
Sus movimientos de part icula son perpendicuiares a la direcci6n de propaqaci6n
del rayo, con una fuerte polarizaci6n horizontal (Fig. 10a), mayor en los
intermedios (Fig. 10b); corresposideii a inodos supertores de la fase Love.

Fase Ra

Son ondas quiadas de corto pen jodo, con comienzos generalmente
emergentes; interferidas por la coda de Las fases previas; que se propaqan por
la parte superior de la corteza terrestre; presei~a per judos entre Los 0.6 a
1.4 s; su velocidad promedia es de 3.17!0.001 km/s, sus amplitudes varian
entre los 0.03 a 0.2 micr6metros, para focus superficiales; para focos
intermedios es 3.1 O!.025 kon/si y sus amplitudes entre 0.04 a 1.1 micr6metros.
Muestrari un movimiento UP~ partic-ula paralelo a la direcci6n de propagac16n del
rayo (Figs. Ila y Ilb); siendo un composici6n de varios inodos superiores de ia
fase de Rayleigh.



Fig. 8a Movimient,, de particula Fas P, SISMO Superficial.

AnA

Fig. Bab Movimiento de partiC:uia VASe Li, sis.:. iterfeifiaL

Fig. b Movimiento de ijartfci.:tl Fase Li, sism., sintermedj.
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Fig. l0a Mcovimiento de particuid Fase Lg, sismo-i superficial.

N-S

Fiaj. lb .Movimiento de particula Fase Lai, 5jifl1. intermfedio*

F ig(. Moa . m .nt de pAr t I,:L, Ia I-asj Pa, s smo' supe3r ficjia I

Fig.11b . Movimiento de p~artl':uia Fase FRa, sismo intermedio.
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QLUEF.CJINTE DE ATENUAC ION ANgLASTICA

Para determiriar los coeficientes de atenuaci6n anel~stica Ma, primero
se normalizaron las ampljitudes leidas para cada zona y por niveles de
profundidad, a mb=5.f0. Ajustando los valores a las curvas te6ricas (Fiq. 3).
obteniendo los valores dje 'd (en l/qrados) para cada fase considerada.

Las Figs. 12a a 19b muestrart los valores de 'Y para cada fase, zona y
niveles de profundidad analizados; lo's vaiores del periodu (T) y 'Spromedios y
sus respectivas desviaciones standard est~n detallacios en la labia 2.

FAcrOR DE CAL.IDAD

Cori los valores de arobtefiidos se aplic6 la f6rmula (ID) para calcular
los valores de Q aparente para cada zona, considerando diferentes niveles de
protundidad de foco.

Ploteando fp y t, se procedi6 a determinar 0 por el m.0stodo de la forina
de la coda de las onidas sisanicas (Herrmatin, 19M9), que servir~ln para
corroborar los anteriores valores calculados de 0 (Figs. 20-a 27b).

Los valores de 0 obtenidos fueroa ploteados sobre un mapai para obtefler
regiones de similar valor de 0 (Ficj. 2Sa 31b).

Los valores de velocidad de qjrupo MV y 0 promedios para cada fas? y par
niveles de profundidad y sus desviaciories standard est.~n expresados en la
rabla 2.
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INTERPRETAC ION

Comparando la velocidad de grupo calculada Para Las ondas P con el
modelo de velocidad (Fiyj. 32) Para la req16n (Ayala, 1991), notamos que Ostas
se transmitei hasta el manto superior, incluyendo su capa de baja velocidad.
Para focos superficiales se distinquen tres roqiones en relaci6n a Q. la
primera con menor atenuaci6n correspondiente al Escudo Brasilego y Subandiro.
con los valores m~s altos de Q; la segunda zona corresponde a la cordillera,
con una mayor atenuaci6n, debido sin duda a la complejidad en la estructura. y
la tercera Para el Altiplano y parte activa de la cordillera Occidental. Para
tacos intermedios, se presentan dos reqiones con un aumento de la atenuaci6n
en direcci6n oeste; la Primera Para el Escudo Brasilego, Subandino y parte
cordillera Oriental y la segunda Para el Altiplano y cordillera Occidental.

Los valores calculados de 0 de la fabla 2 corrosponden a un promiedjo de
toda la trayectoria; analiz~ndolos, en func16n de la distancia epicentral, se
presenta una tendencia a un ligero auwuonto de 0 con la distancia, que se
estudiar& posteriormente. Para los eventos m~s distantes, hay uria mayor
penetraci6n de las ondas P y un consiguiente aumento en la densidad y
homogoneidad del material del manto.

La Fiy. 33 muestra la varlac16n de la profundidad de la discontinuidad
de Iohorovicic entre Peru y Bolivia (mod. de James, 1971), el espesor m~ximo
de la corteza debajo de los Andes centrales es do 76 km (FernAndez, 1968,
James, 1971 y Molina, 1977), el cual disminuye en direcci6n este hasta 40 kmn,
Para mantenerso casi constante con un espesor de 39 km Para la reg16n del
Escudo Brasilego (Oblitas, 1972); hacia el oeste el espesor de la corteza
oceAnica en la Placa de Nazca es de 5 kil6metros (GuzmAn, 1972).

Para Las ondas guiadas se tienen dos casos; Para Los tacos superficiales
se presentan dos regiones de valores do Q, con una imenor atenuaci6n en la
reg16n del escudo, la cual aumenta en direcci6n oeste en la cordillera.

Para Los focos intermedios se tiene inejor resoluc16n, posiblemente
debido a que el efecto atenuador del paquete sedimentario de la corteza
continental es menor; estudiando los valores del factor de calidad, notamos
quo se pueden discriminar dos reqiones y s6lo Para las Lq tres; notando un
mayor valor de G (unenor atenuacidn) Para la req16n del Escudo Brasile~o y
tambi~n Para el Limits escudo-cordillera (Subandino); 0 disminuye en la
cordillera Oriental, isayor atenuac16n, y &6n aumenta inAs Alla en e1 Altiplano
y en la cnrdillera Occidental; estas variaciones verticales y laterales en la
estructura se ianifiestan en la variaci6n do 0, expresado en un modelo
preliminar do Q Para la corteza continental entre PeruA y Bolivia (Fig. 34),
quo nos muustra la comuplojidad de la estructura debajo do Los andes centrales.
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